1. Introduction
===============

Diabetes mellitus (DM) is prevalent in patients with pancreatic cancer and is often exacerbated in patients following a diagnosis of pancreatic cancer.^\[[@R1],[@R2]\]^ There is a close temporal relationship between the development of DM and the diagnosis of pancreatic cancer. Reports indicate that DM is prevalent in up to two-third of pancreatic cancer patients,^\[[@R2],[@R3]\]^ with pancreatic cancer-associated diabetes generally occurring during the 2 years preceding the diagnosis of cancer.^\[[@R3]--[@R5]\]^ Experimental results suggest that new-onset DM in pancreatic cancer patients is a paraneoplastic manifestation.^\[[@R4],[@R6]\]^

Pancreatoduodenectomy (PD), or pylorus-preserving PD, is a standard operation for periampullary malignancies that removes almost 40% of the whole pancreas and the adjacent organs, such as the gallbladder, duodenum, and distal bile duct. Because it is one of the most radical types of gastroenterological surgery, patients who undergo this procedure frequently experience endocrine and exocrine pancreatic insufficiency.^\[[@R7]\]^ However, several studies have reported that the deterioration in glucose metabolism is often improved following tumor resection in patients with pancreatic cancer, despite a significant reduction in pancreatic cell mass due to surgery.^\[[@R4],[@R8]--[@R11]\]^ Most of these studies have focused on changes in diabetes status, including whether the diabetes developed newly after surgery or whether glycemic control improved or worsened in diabetic patients. However, there are sparse studies investigating the detailed mechanism of altered glucose metabolism, such as the changes in β-cell function or insulin resistance (IR) after PD.^\[[@R8]\]^ Moreover, it remains unclear whether glucose metabolism also improves after PD in patients with non-pancreatic neoplasms.

In this study, we prospectively investigated the changes in glucose metabolism in patients undergoing PD for periampullary cancer. We also aimed to identify the predictive factors for worsening glucose metabolism after PD.

2. Methods
==========

2.1. Subjects and procedure
---------------------------

Between April 2011 and December 2013, 104 consecutive patients (age, mean ± standard deviation \[SD\] 64.8 ± 9.6 years; 69 male patients) undergoing PD in National Cancer Center, Korea were prospectively enrolled. Of these, 48 patients were diagnosed with pancreatic cancer and 56 patients with a final pathology, other than pancreatic adenocarcinoma. These were classified as the non-pancreatic cancer group and included 29 patients with carcinomas of the ampulla of Vater, 26 with distal common bile duct cancers, and 1 with duodenal cancers. Patients with pre-existing chronic pancreatitis only, on the pathology report, were excluded from the analysis.

The parameters related to glucose tolerance were assessed before surgery and 6 months after surgery by measuring the levels of fasting blood glucose (FBG), glycated hemoglobin (HbA1c), fasting C-peptide, and fasting insulin. HbA1c was assessed using high-performance liquid chromatography, with a nationally standardized program-certified method. Plasma C-peptide (Izotop, Budapest, Hungary) and insulin (Roche, Mannheim, Germany) levels were measured in duplicate using an immunoradiometric assay. C-peptide levels were used to assess endogenous insulin secretion, which has been recognized as a more stable and accurate marker of insulin secretion than plasma insulin levels.^\[[@R12]\]^ IR was assessed by fasting insulin levels^\[[@R13]\]^ and homeostatic model assessment of insulin resistance (HOMA-IR)^\[[@R14]\]^ and quantitative insulin sensitivity check index (QUICKI). To analyze HOMA-IR, the following calculation was used: fasting insulin concentration (μL/mL) × FBG (mg/dL)/405. QUICKI was calculated as follows^\[[@R15]\]^: 1/\[log (fasting insulin, μL/mL) + log (FBG, mg/dL)\]. To evaluate the insulin secretory function of pancreatic β-cells, HOMA-β was used, and calculated as follows^\[[@R14]\]^: 360 × fasting insulin/(FBG-63). The study protocol was approved by the Institutional Review Board of National Cancer Center (NCC2015-0120) and written informed consent was obtained from all patients.

2.2. Definition of glucose tolerance
------------------------------------

Patients who previously received antidiabetic medication, were classified as having DM. Among patients not reporting treatment for DM, the definition of DM was based on the American Diabetes Association criteria during preoperative evaluation: FBG ≥126 mg/dL, or HbA1c ≥6.5%. Impaired glucose tolerance (IGT) was defined as having an FBG between 100 and 125 mg/dL, or an HbA1c between 5.7% and 6.4%. Normal glucose tolerance (NGT) was defined as having an FBG \<100 mg/dL, and an HbA1c of \<5.7%.

The duration of DM was defined as the period between the onset of DM and the time when PD was performed. New-onset DM was defined as a diagnosis of DM \<2 years before PD, while DM diagnosed ≥2 years preceding PD was described as long-standing.

Postoperative glycemic control 6 months after surgery was categorized as "worsened" or "improved," according to the change in the HbA1c levels or in the antidiabetic medication dosage. In preoperative diabetic patients, the "worsened group" was defined by the increase in the dose of antidiabetic medication after PD or increase in the HbA1c, compared with the preoperative dose. In preoperative non-diabetic patients, the appearance or aggravation of glycemic intolerance (from NGT to IGT or overt diabetes, or from IGT to DM) was a characteristic of the worsened group. In preoperative diabetic patients, the "improved group" was defined as having a decrease in the dose of antidiabetic medication based on HbA1c levels. In preoperative non-diabetic patients, the improved group was defined as a return to NGT from IGT or decreased HbA1c levels relative to the baseline value.

2.3. Statistical analysis
-------------------------

The data are presented as the mean ± SD or the median with an interquartile range (25th--75th percentile). The paired *t* test or the Wilcoxon signed-rank test was used to compare all measurements at baseline and 6 months after surgery. Logistic regression analysis was used to identify independent predictors of worsening status of glucose control, at 6 months postoperatively. Assuming that patients with higher preoperative HbA1c levels might have easily improved to better glycemic control after PD, we performed a propensity score matching analysis to adjust baseline HbA1c differences between pancreatic cancer and non-pancreatic cancer patients, in the logistic regression analysis. All statistical analyses were performed using the STATA software version 11 (Stata Corp, College Station, TX). The *P* value for statistical significance was defined as *P* \< .05.

3. Results
==========

3.1. Baseline demographics and pre-operative glycemic variables
---------------------------------------------------------------

Baseline characteristics and preoperative glycemic variables of patients are described in Table [1](#T1){ref-type="table"}. The pancreatic cancer and non-pancreatic cancer group were compared and no differences were found in age, sex ratio, and preoperative body mass index (BMI). Before surgery, there were 68 diabetic patients in this study, including 39 diabetic patients in pancreatic cancer group and 29 diabetic patients in non-pancreatic cancer group. Preoperative DM was more prevalent in the pancreatic cancer group (81% vs 52%, *P* = .002), with HbA1c and FBG being higher than in the non-pancreatic cancer group. Among the diabetic patients, new-onset DM was identified in 24 (62%) of 39 in the pancreatic cancer patients and in 16 (55%) of 29 non-pancreatic cancer patients, although this difference was not significant (*P* = .598).

###### 

Baseline characteristics of patients before PD.
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Fasting C-peptide levels and HOMA-β values were lower in the pancreatic cancer group (C-peptide, 2.0 vs 3.2 ng/mL, *P* \< .001; HOMA-β, 31.1% vs 60.0%, *P* \< .001) compared to the non-pancreatic cancer group. There was no difference in fasting insulin levels, QUICKI, and HOMA-IR values between the groups.

3.2. Change of glucose metabolism after PD
------------------------------------------

Glucose metabolism was followed up for at least 6 months after PD (Table [2](#T2){ref-type="table"}). After surgery, pancreatic cancer patients exhibited a modest improvement in HbA1c 6 months postoperatively, compared with baseline values, with a 0.5% decrease in the median HbA1c value; however, the median HbA1c levels significantly increased in the group of non-pancreatic cancer patients, from 5.6% at baseline and to 6.1% at 6 months, following surgery. In both groups, FBG levels after PD did not change significantly from the baseline. Insulin secretary function, assessed by fasting C-peptide and HOMA-β levels, decreased in both groups. IR, assessed by fasting insulin levels, HOMA-IR and QUICKI significantly improved after surgery in both groups.

###### 

Changes in the parameters of glucose metabolism after PD.
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Following surgery, patients were stratified according to preoperative DM status (Fig. [1](#F1){ref-type="fig"}). Of the 36 preoperative non-diabetic patients, 7 patients (19.4%) progressed to DM. DM was postoperatively developed in 1 out of 9 patients with pancreatic cancer and in 6 out of 27 patients with non-pancreatic cancer (11.1% vs 22.2%, *P* = 0.47). Of the 68 preoperative diabetic patients, DM resolved in 25 patients (36.8%). New-onset DM resolved after PD in 54.2% and 62.5% of patients in the pancreatic cancer group and non-pancreatic cancer, respectively (*P* = .42). Resolution of long-standing DM after PD was rarely observed in either group (6.2% in the pancreatic cancer group vs 7.6% in the non-pancreatic cancer group, *P* = .74).

![Change of glucose metabolism after surgery according to preoperative DM status. (A) Change of glucose metabolism in pancreatic cancer patients. (B) Change of glucose metabolism in non-pancreatic cancer patients. DM = diabetes mellitus.](medi-97-e0590-g003){#F1}

3.3. Comparison of characteristics between the groups in terms of improved and worsened glucose metabolism at 6 months after PD
-------------------------------------------------------------------------------------------------------------------------------

To identify the favorable parameters of glycemic response after PD, the glycemic control status was categorized into 2 groups, as "improved" or "worsened" (Table [3](#T3){ref-type="table"}). Improved glycemic control was observed in 66 (63%) patients, while in 38 patients (37%) control worsened. There were no differences between the 2 groups in the preoperat*i*ve glycemic variables, proportion of pancreatic cancer, sex ratio, postoperative weight loss, and perioperative chemotherapy and radiotherapy. However, preoperative DM status was significantly different between groups. Worsened response group had higher rates of long-standing DM than improved response group (42.0% in the worsened group vs 18.2% in the improved group, *P* = .021).

###### 

Comparison of characteristics between improved and worsened group at 6 months after PD.
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Multiple logistic regression analysis revealed that long-standing DM (odds ratio \[OR\]: 4.01, 95% confidence interval \[CI\]: 1.29--12.50, *P* = .017) was a significant predictor for worsened glucose control after PD (Table [4](#T4){ref-type="table"}). Even after propensity score matching for preoperative HbA1c, patients with long-standing DM demonstrated worsened glucose control after PD (OR 5.55, 95% CI 1.23--24.40, *P* = .025). The origin of periampullary tumors was not a significant predictor for worsened glucose control in the multiple regression analysis (Fig. [2](#F2){ref-type="fig"}).

###### 

Multiple logistic regression analysis to predict worsening glucose control at 6 months after surgery.
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![Proportion of improved glucose metabolism at 6 months after surgery. (A) Proportion of improved glucose metabolism in pancreatic cancer patients. (B) Proportion of improved glucose metabolism in non-pancreatic cancer patients.](medi-97-e0590-g006){#F2}

3.4. Change of glucose metabolism after PD according to the onset of pre-operative DM
-------------------------------------------------------------------------------------

Because new-onset DM showed better glycemic control than long-standing DM after PD (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}), change in the parameters related with glucose metabolism was re-evaluated according to the onset of pre-operative DM (Table [5](#T5){ref-type="table"}). In new-onset DM, FBG level after PD was significantly decreased (*P* = .002), whereas it was increased in long-standing DM (*P* = .018). Insulin secretary function, assessed by fasting C-peptide, decreased in new-onset DM patients and HOMA-β levels decreased in long-standing DM patients. IR, assessed by fasting insulin levels, HOMA-IR and QUICKI, significantly improved after surgery only in the new-onset DM patients.

###### 

Changes in the parameters of glucose metabolism after surgery according to the onset of preoperative DM.
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4. Discussion
=============

Our findings demonstrate that newly detected diabetic patients had improved glycemic control after PD, regardless of tumor origin. In multivariate analysis, long-standing DM was a significant risk factor of worsened glucose metabolism in patients undergoing PD, even after propensity score matching for baseline HbA1c levels, long-standing DM was significant predictor for worsening glucose control. Following PD, glycemic variables for IR was improved in both pancreatic cancer and non-pancreatic cancer patients.

In the present study, the prevalence of all DM and new-onset DM was 81% and 62% in 48 pancreatic cancer patients, respectively, which were higher than the general population in Korea.^\[[@R16],[@R17]\]^ Previous studies have reported that more than half of pancreatic cancer patients have DM or hyperglycemia, and the onset of DM typically occurs 2 years before pancreatic cancer diagnosis in 50% to 80% of patients.^\[[@R3]--[@R5]\]^ The high prevalence of DM in pancreatic cancer patients and its close temporal association with cancer diagnosis suggests that hyperglycemia is induced by the development of the tumor itself. There are several hypotheses about the occurrence of hyperglycemia in pancreatic cancer. The most persuasive explanation for the frequent occurrence of DM in conjunction with pancreatic cancer is as a paraneoplastic condition caused by tumor-secreted products,^\[[@R6]\]^ such as adrenomedullin.^\[[@R18]\]^

The development of pancreatic DM after pancreatic resection has been of great concern, because surgical resection of the pancreatic parenchyma can cause significant β-cell loss. The incidence of DM varies between 20% and 50% of patients who undergo PD, independently of pre-existing DM.^\[[@R19]\]^ Recent reports have indicated that glucose metabolism improves after PD.^\[[@R4],[@R9]--[@R11]\]^ Ohtsuka et al^\[[@R8]\]^ performed an oral glucose tolerance test (OGTT) in 17 patients with periampullary tumors and showed that postoperative levels of plasma glucose and insulin, as well as IR, improved, although β-cell function did not change after surgery. The study examined the mechanism of perioperative changes in glucose metabolism, with some limitations: the number of subjects was insufficient to yield a conclusive result and there was no analysis according to tumor origin. A study by Sato et al^\[[@R10]\]^ also examined glucose tolerance after PD, comparing 11 patients with pancreatic neoplasm and 6 with non-neoplastic lesions, and found a better response in pancreatic cancer patients. These results suggested that there were different glycemic responses following PD, depending on tumor origin. However, the number of subjects was also small and biochemical markers related to glucose mechanism were not analyzed. Specifically, HbA1c levels were not evaluated in these studies.^\[[@R8],[@R11],[@R20]\]^ In our study, glucose metabolism was assessed in a larger population and the glycemic response was analyzed by HbA1c and plasma glucose levels. The results indicate that DM was developed postoperatively in 18% of non-diabetic patients and pre-existing resolved in 36.8% of patients. In addition, IR, as measured by insulin levels, HOMA-IR and QUICKI significantly improved after PD; however, insulin secretion decreased postoperatively.

Furthermore, whether the change in glucose tolerance is a unique feature of pancreatic cancer remains controversial. Our study indicates that improved IR and decreased insulin secretion were consistently observed in both patients with pancreatic cancer and those with non-pancreatic cancer. It suggested that anatomical changes following PD may play a role in the improvement of glucose metabolism. A recent study by Wu et al^\[[@R9]\]^ reported similar results: resolution of new-onset DM after PD was observed in 41% (9 of 22) of patients with pancreatic cancer and in 63% (12 of 19) of patients undergoing surgery for diseases other than pancreatic cancer. However, HbA1c was not included in the analysis and resolution was defined using fasting glucose levels. Menge et al^\[[@R20]\]^ also reported that post-challenge glucose concentrations were immediately improved after pancreatic head resection in patients with pancreatic cancer or non-malignant pancreatic disease. Litwin et al^\[[@R11]\]^ reported a decrease in average fasting glucose levels during and after an OGTT in patients with pancreatic cancer, and an increase in patients with chronic pancreatitis, after PD. Based on our data and previous results, we can postulate that tumor resection decreases insulin secretion, however, it seems to improve IR in both pancreatic cancer and non-pancreatic cancer patients.

Multivariate analysis found that the risk factor for worsened glucose control after PD was long-standing DM. By using the independent *t* test and adjusting for baseline HbA1c, only long-standing DM was associated with worsened glucose control after PD (18% in the improved group vs 42% in the worsened group, *P* = 0.021). In addition, IR, assessed by fasting insulin levels, HOMA-IR and QUICKI, significantly improved after surgery only in the new-onset DM patients, but not in the long-standing DM patients. As for the reversibility of diabetes, several studies have shown that a shorter duration of diabetes has a greater chance of diabetes remission after bariatric surgery.^\[[@R21],[@R22]\]^ This observation suggests that bariatric surgery could lead to remission of diabetes prior to irreversible β-cell failure. The route for food following bariatric surgery is similar to that after PD, as food bypasses the duodenum and enters directly into the distal jejunum. Both PD and bariatric surgery can shunt food past the duodenum, which results in the rapid delivery of nutrients to the distal intestine. This theoretically enhances the release of glucagon-like peptide-1, which stimulates insulin secretion.^\[[@R23]\]^ Another possible explanation is that the early relief of tumor-induced pancreatic duct obstruction and fibrosis of the adjacent parenchyma by PD can preserve a relatively large amount of functional pancreatic tissue in new-onset diabetes, regardless of the origin of the periampullary cancer. This is corroborated by our data, showing that new-onset DM improved after surgery, both in the pancreatic cancer and non-pancreatic cancer group. Therefore, we can conclude that PD may contribute to an improvement in glucose control.

Our study has some limitations. First, stimulated insulin secretion was not evaluated, although these may have reflected β-cell function more accurately than single measurements. However, the HOMA index, used in this study, has been widely used to assess β-cell function^\[[@R24],[@R25]\]^ and a single measurement of blood C-peptide levels can be a practical test to perform during follow-up. Second, long-term glucose metabolism was not evaluated because glucose metabolism was assessed for a relatively short period. Further studies are needed to provide the long-term outcome.

In conclusion, glucose intolerance was prevalent in patients with periampullary cancer and considerably improved in patients with pancreatic cancer after PD. A more favorable glycemic response was observed in patients with new-onset DM compared with patients with long-standing DM, in cases of pancreatic and non-pancreatic cancer. Finally, although the volume of pancreatic parenchyma and secretory function were reduced, PD might contribute to the amelioration of glucose control in patients through the improvement of IR.
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